In Brief
Odor responses are tuned to the ambient odorant environment. Sanchez et al. examine the molecular mechanisms that govern the odorant response, and they find that Hedgehog signaling in Drosophila regulates localization of the odorant receptors to the cilium compartment.
INTRODUCTION
In both vertebrates and insects, chemical stimuli are detected by odorant receptors (ORs) located on the olfactory sensory neuron (OSN) cilia (DeMaria and Ngai, 2010; Vosshall and Stocker, 2007) . Each OSN typically expresses one OR from a large genomic repertoire (Couto et al., 2005; Fishilevich and Vosshall, 2005) . The odorant response must be adjusted appropriately to changes in the environment to elicit a suitable behavior and warrant survival of the animal. In Drosophila, the type and level of the expressed receptor determine the odorant response (Dobritsa et al., 2003) . However, the mechanisms that regulate the receptor level and the level of odorant response are not well understood.
Hedgehog (Hh) signaling regulates nociceptive responsiveness (Babcock et al., 2011) . Hh was initially described as a morphogen that defines the segmentation and patterning of the Drosophila embryo (Briscoe and Thé rond, 2013; Goetz and Anderson, 2010) . Hh ligand binding to the inhibitory receptor Patched (Ptc) stabilizes the seven-transmembrane protein Smoothened (Smo) (Denef et al., 2000) , which, in vertebrates, translocates to the primary cilium (Corbit et al., 2005) and switches the function of the Gli transcription factors from repression to activation of the Hh target genes (Briscoe and Thé rond, 2013; Goetz and Anderson, 2010; Ingham et al., 2011; Rohatgi and Scott, 2007; Teperino et al., 2014) . The cells that respond to Hh during Drosophila development are non-ciliated, which has led to the general view that Drosophila and vertebrates have different Hh pathways (Goetz and Anderson, 2010) . However, we have demonstrated recently that cilia do mediate the Hh signal in OSNs, one of the few ciliated cell types in Drosophila (Kuzhandaivel et al., 2014) .
Here, we examine the function of cilium-mediated Hh signaling in Drosophila and show that Smo knockdown results in a reduced behavioral response to odors. We demonstrate that the level of Hh pathway activity controls the magnitude of the OSN odorant response and regulates the cilium transport of the ORs. Last, we reveal that Smo and the kinesin-like protein Cos2 control OR transport to and within the cilium compartment.
RESULTS

Hh Signaling Regulates the Odorant Response
To investigate the function of the cilium-mediated Hh pathway in Drosophila OSNs, we used RNAi to selectively knock down Smo in OSNs. Olfactory performance was measured using a set of T-maze behavioral assays. The results showed that flies with OSNs deficient in Smo function were less attracted to vinegar compared with control flies (Peb-Gal4) versus Smo-IR, Figure 1A ). The loss of attraction was not due to a change in motility, as determined by a climbing assay ( Figure S1 ), which indicates that Hh signaling modulates olfaction in Drosophila.
To determine whether the change in the behavioral response corresponded to a change in OSN function, we recorded odorinduced changes in intracellular Ca 2+ concentration in OSNs expressing the genetically encoded fluorescent Ca 2+ reporter GCAMP5. We initially investigated the response to ethyl acetate, which activates several ORs and OSN classes. In control flies, ethyl acetate triggered robust fluorescence transients that increased in magnitude with odor concentration (DF/F 0 = 49.2% ± 4.6%, n = 29; Figures 1C and 1D ). This fluorescence response was attenuated visibly in Smo knockdown flies (DF/F 0 = 27.1% ± 3.9%, n = 27, p < 0.05; Figure 1E ). In addition, we recorded the fluorescence response to apple cider vinegar, which activates a partially overlapping set of ORs and OSN classes. Again the Smo knockdown flies showed a reduced fluorescence response ( Figure S2A ), which indicates the Hh pathway is a general regulator of the odorant response.
To analyze whether Ptc, which inhibits Smo, also suppresses the odor response, we performed calcium imagining in heterozygote Ptc mutant (Ptc +/À ) flies. We found that fluorescence responses to ethyl acetate were enhanced dramatically in Ptc 2G ). These results suggest that the Hh pathway regulates transport of Or22a within the cilium. ORs require the OR coreceptor (Orco) for ciliary localization, stability, and function (Figures 2A and S2C; Benton et al., 2006) , and initiation of Orco expression marks the final step of OSN development ( Figure 2H ; Jana et al., 2011) . Localization of Orco within the soma, dendrite, and cilium compartment of OSNs was similar in control and Smo knockdown flies (Figure 2A) , demonstrating that ciliary structure and transport of Orco is intact in knockdown flies. To validate that the Or22a phenotype is not a defect of OSN development and cilium formation, we limited Smo knockdown to mature OSNs with OrcoGal4. We found that even this temporally restricted expression of Smo-IR produced a loss of Or22a-positive cilia (Figures 2I and 2J) , demonstrating that Smo regulates OR ciliary localization in mature OSNs.
To better visualize OR transport, we expressed Or43a:GFP in all OSNs. Or43a:GFP is a functional OR and localizes to cilia (Figure 2K; Benton et al., 2006) . In control fly antennae, Or43a:GFP produced staining in the cilia, soma, and dendrites with few puncta ( Figure 2K ). In Smo knockdown flies, the Or43a:GFP puncta increased in number ( Figures 2K and 2L) . The puncta were found in all different OSN lineages and types, which suggests that Hh signaling regulates OR transport and the odorant response in most, if not all, OSNs. We further observed that strong overexpression of Or43a:GFP rescued the cilium transport phenotype of Smo-IR ( Figure 2K ), implying that Hh-regulated OR transport can be saturated. Next, we mapped the origin of the puncta with a variety of antibodies and found co-localization with the recycling endosome marker Rab11 ( Figure S4 suggest that Hh signaling regulates transport to and within the cilium and that the puncta are vesicles of ORs available for entry into the ciliary compartment.
OR Transport Is Regulated by a Cilium-Mediated Hh Pathway Thus far, our results show that Hh signaling regulates OR location, but the mechanism remains unclear. We have shown previously that Smo signaling in the OSNs requires localization to the cilia (Kuzhandaivel et al., 2014) . Smo has, C-terminal to the last transmembrane region, a hydrophobic and basic residue motif that functions as a ciliary localization motif. Replacement of the first two N-terminal amino acids of the motif (WKR) with alanine (AAR) disrupts the targeting of Smo to the cilia in both vertebrates and Drosophila (Corbit et al., 2005; Kuzhandaivel et al., 2014 (Figures 3E and 3F ). In addition, the numbers of Or43a vesicles were comparable in Ci knockdown and control flies ( Figure 3G ). The lack of an abnormal phenotype upon Ci knockdown or expression of Ci 75 indicates that Hh regulation of OR transport is upstream of Ci.
Cos2 Localizes the OR Proteins to the Distal Ciliary Domain
To identify how the Hh pathway regulates OR transport, we next focused on the anterograde cilium transport system, intraflagellar transport complex B (IFT-B). The IFT-B particle is an evolutionarily conserved multiprotein adaptor complex that links cilium cargos to the cilium kinesin II complex (Bhogaraju et al., 2013) . IFT88 is a member of the IFT-B complex and is expressed in OSNs (Han et al., 2003) . Knockdown of IFT88 resulted in punctate OR staining at the ciliary base ( Figure 4A ), showing that OR transport requires the IFT adaptor complex. IFT88 localized to both the cilium base and the cilium compartment in control and Smo knockdown flies ( Figure 4B) , 2015) . In addition, Hh regulates Cos2 localization to the cilia (Kuzhandaivel et al., 2014) . We therefore hypothesized that Cos2 could be an auxiliary transport system to the IFT-B/kinesin II complex in OSN cilia. Cos2 functions as a dimer, and deletion of the motor domain (Cos2 Dmotor ) generates a dominant-negative version of the protein (Ho et al., 2005) . Expression of Cos2 Dmotor resulted in loss of Or22a-positive cilia ( Figure 4E) and mislocalization of Or22a within the cilium compartment (Figure 4C) , which shows that Cos2 regulates OR transport into the distal cilium compartment.
DISCUSSION
Here, we demonstrate that the Hh pathway modulates the magnitude of the odorant response in adult Drosophila. Our results show that the Hh pathway determines the level of the odorant response because it regulates the response in both the positive and negative directions. Loss of Ptc function increases the odorant response and the risk for long sustained responses, which shows that the Hh pathway limits the response potential of the OSNs and is crucial for maintaining the response at a physiological level. In addition, we show that the OSNs produce Hh protein, which regulates OR localization, which is interesting because autoregulation is one of the prerequisites for an adaptive mechanism. We further show that Hh signaling regulates the responses of OSNs that express different ORs, which demonstrates that the regulation is independent of OSN class and suggests that Hh signaling is a general regulator of the odorant response. It has been shown previously that Hh tunes nociceptive responses in both vertebrates and Drosophila (Babcock et al., 2011) . It is not yet understood how Hh regulates the level of nociception. However, the regulation is upstream of the nociceptive receptors, which indicates that the Hh pathway is a general regulator of receptor transport and the level of sensory signaling.
Cos2 Regulates OR Cilium Localization
Our results show that OSN cilia have two separate OR transport systems, the Hh-regulated Cos2 and the IFT-B together with the kinesin II system. Our results show that Cos2 is required for OR transport to or within the distal cilium domain and suggest that the IFT system regulates the inflow to the cilium compartment. The two transport systems also are required for Smo cilium localization (Kuzhandaivel et al., 2014) . This spatially divided transport of one cargo is similar to the manner in which Kif3a and Kif17 regulate distal and proximal transport in primary cilia in vertebrates (Jenkins et al., 2006) . However, Cos2 is not required for the distal location of Orco or tubulin (Kuzhandaivel et al., 2014) , indicating that, for some cargos, the IFT system functions in parallel to Cos2. Interestingly, the vertebrate Cos2 homolog Kif7 organizes the distal compartment of vertebrate primary cilia (He et al., 2014) . Similar to our results, Kif7 does so without affecting the IFT system, and its localization to the cilia is dependent on Hh signaling (Endoh-Yamagami et al., 2009; He et al., 2014; Liem et al., 2009 ). However, the Kif7 kinesin motor function has been questioned (He et al., 2014) . Therefore, it will be interesting to analyze whether Kif7-mediated transport of ORs and other transmembrane proteins occurs within the primary cilium compartment and whether the ciliary transport of ORs is also regulated by Hh and Smo signaling in vertebrates. To conclude ur results place the already well-studied Hh signaling pathway in the post-developmental adult nervous system and also provide an exciting putative role for Hh as a general regulator of receptor transport to and within cilia.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
The following fly stocks were used: Pebbled-Gal4 (Jafari et al., 2012) and UAS-GCAMP5 Bloomington. The Orco-IR RNAi line (v13386) was from the Vienna (Couto et al., 2005) and UAS-Smo AAR (Kuzhandaivel et al., 2014) stocks have been generated previously by us as described.
Behavior Assays T-maze experiments were performed with 20 3-5-day-old flies per assay. The flies were starved for 16 hr prior to the experiments, with water provided ad libitum. Apple cider vinegar (100 ml) was placed in the baited arm with water in the control arm. Flies were counted 10 min after the addition of flies to the maze. The response index was calculated as (OÀC)/T, where O is the number of flies in the baited arm, C is the number of flies in the control arm, and T is the total number of flies used in the trial. The climbing assay was performed with five flies climbing a 10-cm-long tube, and the percentage of flies at the top 0.5 cm of the tube was determined after 30 s.
Calcium Imaging of the Odorant Responses
Calcium signals from OSNs expressing the calcium sensor GCAMP5 were recorded from intact flies. Four to ten-day-old female virgin flies were anesthetized on ice and glued (Loctite superglue) onto a glass capillary. The antennae were lifted vertically by sticking them to a drop of glue on the head. The preparation was mounted on a micromanipulator, and the fly's head was pushed against a glass coverslip so that at least one of the antennae touched the glass along its longitudinal axis. A drop of water was placed above the coverslip for an immersion objective (340, 0.9 numerical aperture [NA], Zeiss Apochromatic). The emitted fluorescence was collected with an electron multiplication (EM) charge-coupled device (CCD) camera (Hamamatsu). A stimulation device (Master 9, AMPI Israel) was used to simultaneously trigger the odorant stimulation, camera, and illumination so that the images were taken at a frequency of 5 Hz with an exposure time of 50 ms. To reduce variability because of photobleaching, the light intensity was kept at 3% in all experiments. The odorants, ethyl acetate (Sigma-Aldrich, Chemical Abstracts Service [CAS] no. 141-78-6) and methyl octanoate (Sigma-Aldrich, CAS no. 111-11-5), were diluted in mineral oil to reach the nominal concentrations indicated in the corresponding figures (10 À2 M, with the exception of the dose-response curve in Figure 1C ). Apple cider vinegar (50 ml) was poured into 500-ml glass volumetric flasks (Medicinal Air, AGA). The gas was bubbled in water, and the flow rate was set at 100 ml s À1 at a pressure of 2 mbar. Solenoid valves switched the air stream between two parallel pathways: one of pure air and another connected to the volumetric flasks containing the odors. In this way, the fly received a constant flow of gas on its antenna of either pure air or air carrying the odorant.
Response Measurements
Imaging was conducted at the focal plane, where the responses were maximal. To quantify odor-evoked responses, we defined a region of interest (ROI) of approximately 15 mm surrounding the region of the antenna where the response reached highest intensity, characteristically in the proximal segment of the antenna ( Figure 1D ). The light intensity inside the ROIs was averaged for each frame, and the peak (usually by the end of the 10-s stimulation period) was used to statistically compare the different groups. Analysis of the images was conducted using ImageJ software (Schneider et al., 2012) .
Immunohistochemistry
The following primary mouse antibodies were used: anti-GFP (1:100), antiBruchpilot (1:50, nc82, supernatant, Developmental Studies Hybridoma Bank [DSHB]), and anti Rab11 (1:100, BD Biosciences). The primary rabbit antibodies, anti-GFP (1:2,000, TP-401, Torrey Pines), Lamp1, anti-Rab5, anti-Rab11 (1:100, Abcam), anti-Or22a (1:10,000) and anti-Orco (1:10,000) were gifts from Richard Benton. The secondary antibodies were conjugated to Alexa 488 or Alexa 568 (1:500, Molecular Probes). Antenna immunohistochemistry was performed as described previously (Couto et al., 2005) . Or22a images were captured from a subset of stereotypic Or22a sensilla opposite to the arista. The confocal microscopy images were collected on an LSM 700 (Zeiss) and analyzed on a Zen image browser.
Statistics
The statistical analyses of the cilium counts were performed using the statistical software R (version 3.0.3, The R Core Team). The counts of Or22a-positive cilia and the proportion of positively stained cilium compartments were analyzed by the Poisson and binomial generalized linear models (glms), respectively.
Statistical analyses of the imaging data were performed with GraphPad Prism version 5.00 for Windows (GraphPad, http://www.graphpad.com). First, the normal distribution of the data was assessed, and then the groups were compared by one-way ANOVA followed by a Newman-Keuls multiple comparisons test (significance set at 0.05). The data are presented as the mean ± SEM. 
